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SINE WAVE GENERATOR WITH DUAL PORT
LOOK-UP TABLE

BACKGROUND OF INVENTION

1. Field of Invention

The invention relates generally to automatic test equipment
and more particularly to generation of signals for testing
semiconductor devices.

2. Discussion of Related Art

Semiconductor devices are tested, often multiple times,
during their manufacture. A piece of automatic test equip-
ment, referred to as “ATE” or a “tester,” 1s used to generate test
signals that stimulate a device under test (DUT) and to mea-
sure a response from the DUT. The tester determines whether
the DUT 1s operating properly by comparing the response
evoked by a carefully controlled pattern of test signals with an
expected response.

To fully test devices, the tester should generate and mea-
sure signals like those 1n the intended operating environment
of those devices. Because numerous types of semiconductor
devices need to be tested, automatic test equipment 1is
designed to be programmable so that 1t may generate or
measure the signals needed to test any desired type of semi-
conductor device.

Further, the test signals must be generated accurately. Inac-
curate test signals lead to inaccurate test results, which in turn
can lead to semiconductor devices that actually perform as
expected being classified as defective devices and discarded.
Inaccuracy 1n test signals may also create uncertainty in test
results such that, for some subset of devices tested, 1t 1s
impossible to determine whether the device operates as
expected. When uncertainty precludes a determination of
whether a device 1s operating correctly, the device 1s classified
as defective and discarded. Therefore, inaccurate signal gen-
eration 1n a tester can have a high cost associated with it.

Sinusoidal signals are one type of signal frequently gener-
ated within a tester. For example, a sinusoidal signal may be
applied to the device under test so that the response by the
device to the sinusoidal signal may be measured. In other
instances, the sinusoidal signal 1s used for timing signals that
are applied to the device under test.

Regardless of how the sinusoidal signal 1s used as a test
signal, 1naccuracies 1n generating the signal can impact the
test results. If the sinusoidal signal 1s applied directly to the
device under test, the measured response may not be as
expected—not because the device 1s defective, but because
the test signal was not as expected. If the sinusoidal signal 1s
used for timing other events, the expected response may not
be detected—not because the device failed to produce the
response, but because the tester measured the response at the
wrong time. Accordingly, accurate generation ol program-
mable sinusoidal signals 1s important 1n many aspects of an
automatic test system.

Some testers use direct digital synthesis (DDS) to generate
sinusoidal signals of programmable frequency. A traditional
approach for generating a sinusoidal signal using DDS 1s to
store 1n a look-up table values representing a cycle of a
sinusoidal signal. A phase accumulator periodically gener-
ates phase values that act as addresses to the look-up table.
The value 1n the accumulator increases each period by a
programmed phase increment. When the values from the
phase accumulator are used to address the look-up table, the
output of the look-up table 1s a sequence of amplitude values
corresponding to points on a sine wave that are spaced 1n
phase by the phase increment. To produce a periodic signal,
the phase accumulator uses modular arithmetic when it
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increases the accumulated phase by the phase increment.
When adding the phase imncrement to the accumulated phase
would result in a phase value beyond the end of one cycle of
the sine wave, the phase accumulator converts that phase
value to a phase value an equivalent distance from the start of
the cycle that 1s stored 1n the look-up table.

The magnitude of that programmed phase increment con-
trols the length of time it takes for the output of the look-up
table to trace out one cycle of the sine wave. This time 1s
inversely proportional to the frequency of the sine wave gen-
crated so that specitying the phase increment provides a
mechanism to program the frequency of the sine wave.

The values 1n the series output from the look-up table may
be converted to an analog signal, which 1s a sine wave of the
programmed frequency.

SUMMARY OF INVENTION

A low cost DDS signal generator 1s constructed using a
multi-port memory to implement a look-up table storing a
representation of a sinusoidal signal to be generated. The dual
port memory outputs values to processing circuitry that
requires an in-phase and quadrature phase component. By
appropriately computing the addresses for each port, one port
of the memory can provide the in-phase component and
another port can provide the quadrature-phase component.

In one aspect, the mvention relates to an apparatus for
generating a cyclical signal. The apparatus includes an accu-
mulator having an output representing a phase. A memory
with a first address input and a second address input and a first
output and a second output stores values representing at least
a portion of the cyclical signal. The first address mput 1s
coupled to the output of the accumulator and the second
address mput coupled to the output of the accumulator
through a phase shifter. A circuit having a first input and a
second mput 1s coupled to the first and second outputs of the
memory. An output of the circuit 1s based on the first input and
the second mput and 1s coupled to a digital to analog con-
verter.

In another aspect, the mvention relates to a method of
generating a cyclical signal that includes generating a series
of addresses at periodic intervals. A shifted series of
addresses 1s produced from the series of addresses. A first
series of values 1s read through a first port of a memory from
addresses 1n the series of addresses. A second series of values
1s read through a second port of the memory from addresses 1n
the sifted series of addresses. A third series of values 1s
obtained based on the first series of values and the second
series of values. A fourth series of values 1s computed by
combing the third series of values with at least the first series
of values and 1s applied to a digital to analog converter.

In yet a further aspect, the invention relates to an automatic
test system with a direct digital synthesis circuit adapted to
generate a cyclical signal. The direct digital synthesis circuit
includes an accumulator and a memory storing values repre-
senting at least a portion of the cyclical signal. The memory
has a first address input and a second address input and a first
output and a second output. The first address input 1s coupled
to the output of the accumulator. The second address iput 1s
coupled to the output of the accumulator through a shifter. A
circuit, having mputs coupled to the outputs of the memory,
has an output coupled to a digital to analog converter.

BRIEF DESCRIPTION OF DRAWINGS

The accompanying drawings are not intended to be drawn
to scale. In the drawings, each identical or nearly i1dentical
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component that 1s 1llustrated in various figures 1s represented
by a like numeral. For purposes of clarity, not every compo-
nent may be labeled 1n every drawing. In the drawings:

FIG. 1 1s a block diagram of an automatic test system
according to an embodiment of the invention;

FI1G. 2A 1s ablock diagram of a sinusoidal signal generator;

FI1G. 2B 1s a block diagram of a sinusoidal signal generator;

FIG. 3 1s a block diagram of a sinusoidal signal generator
according to an embodiment of the invention;

FIG. 4A 1s a block diagram of a phase accumulator that
may be used 1n a sinusoidal signal generator according to an
embodiment of the invention;

FIG. 4B 1s a block diagram of a predistortion circuit that
may be used in the sinusoidal signal generator of FIG. 2A;

FIG. 4C 1s a block diagram of a predistortion circuit that
may be used 1n the sinusoidal signal generator of FIG. 2B or
2C;

FIGS. 5A . . . 5E are sketches 1llustrating data stored 1n a
look-up table according to an embodiment of the invention;

FIG. 6 1s block diagram of circuitry generating an in-phase
and a quadrature-phase components of a sinusoidal signal
using a look-up table according to an alternative embodiment
of the invention; and

FIG. 7 1s a flow chart of a process of manufacturing semi-
conductor devices according to an embodiment of the mven-
tion.

DETAILED DESCRIPTION

The inventors have appreciated that a semiconductor test
system may be improved with an accurate, programmable
sinusoidal signal generator that 1s readily implemented at low
cost as part of a test system. According to an embodiment of
the invention, a sinusoidal signal generator 1s implemented
using a look-up table from which both 1n-phase and quadra-
ture-phase components of a representation of the sinusoidal
signal to be generated are obtained. A simple implementation
of such a look-up table may be formed using a dual-port
memory that 1s addressed with phase values. A phase shifter
at the address input at the second port can generate, from the
address value applied to the first port, an address appropriate
for accessing through the second port a quadrature-phase
value corresponding to an mn-phase value accessed through
the first port.

Addresses to read two values per period from a memory
may be computed with less circuitry and less complex cir-
cuitry than required to shiit the phase of a signal represented
by values that have been read from memory. Though both
approaches to generating an imn-phase and a quadrature-phase
signal may use a phase shifter, the circuitry required to shiit
the phase of an address to the look-up table that already
represents a phase may be more simply implemented than
circuitry required to shift the phase of a signal represented by
a series of values read from the memory. The circuitry can
therefore be smaller and can be implemented at a lower cost.

Such a sinusoidal signal generator may be desirable 1n an
automatic test system, which may include multiple sinusoidal
signal generators. FI1G. 1 illustrates an automatic test system
that may employ one or more sinusoidal signal generators
according to an embodiment of the invention. Test system 110
includes control circuitry 112. Control circuitry 112 may
include a computer work station or other device serving as a
user interface. Through such a user interface, a user may
program the system 110 to generate test signals that act as
stimuli for device under test (DUT) 150 and to capture
responses from DUT 150. Programming provided through
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4

control circuitry 112 may also specity the expected response
to each stimulus signal or pattern of stimulus signals.

Control circuitry 112 may include a computer work station
attached to a tester body operating 1n conjunction with control
circuitry 1nside a tester body. The work station may be pro-
grammed to both control test system 110 to generate test
signals and to analyze signals measured by test system 110.
However, the implementation of control circuitry 112 1s not
critical to the invention and control circuitry 112 may be
implemented as 1n a conventional test system or 1n any other
suitable way.

Control circuitry 112 may control multiple circuits that
generate signals applied to DUT 150 and/or measure signals
output by DUT 150. In the illustrated embodiment, test sys-
tem 110 may generate and/or measure both digital and analog
signals.

Digital channel circuits 114,, 114, . . . 114,, may be pro-
grammed to generate digital test signals according to a pro-
grammed stimulus pattern. Digital channel circuitry 114,
114, . . . 114,, may also be programmed to measure digital
signals output by DUT 150 and determine whether DUT 150
responds as expected to an applied stimulus. Each digital
channel circuit 114, . . . 114,, generates or measures a digital
test signal for one test point on DUT 150 at a time. Because
DUT 150 may contain numerous test points, test system 110
may include multiple digital channel circuits.

Taking digital channel circuit 114, as illustrative, each of
the digital channel circuits includes subcircuits to generate or
measure a digital test signal according to a programmed pat-
tern. Operation of digital channel circuit 114, 1s timed by one
or more clocks generated by clock generator 118. The fre-
quency of clocks generated by clock generator 118 may be
programmed so that digital channel circuit 114, may generate
test signals of desired frequencies at desired times.

Timing generator 120 uses the clocks generated by clock
generator 118 to generate one or more timing signals that
control operation of other components within digital channel
circuit 114,. In the embodiment shown 1 FIG. 1, digital
channel circuit 114, includes a format circuit 116. Format
circuit 116 uses timing signals generated by timing generator
120 to format a waveform that 1s applied through driver 122 to
a test poimnt on DUT 150. For example, format circuit 116 may
generate signals that transition state, such as from a logical
high state to a logical low state, at times controlled by timing
signals from timing generator 120.

For measuring an output from DUT 150, signals from
timing generator 120 may control the time at which compara-
tor 124 samples the output of a test point on DUT 1350. For
example, format circuit 116 may read the output of compara-
tor 124 and compare 1t to a programmed expected value to
determine whether DUT 150 output a value as expected at a
time controlled by timing signals generated by timing gen-
erator 120.

The components of digital channel circuit 114, may gen-
crally be implemented using components as 1n a conventional
test system or any other suitable components. However, in the
embodiment 1llustrated, clock generator 118 includes one or
more sinusoidal signal generators according to an embodi-
ment of the imvention.

Such a sinusoidal signal generator may be used to generate
a sinusoidal signal of a programmed frequency. The sinusoi-
dal signal may be used to derive a clock of the same fre-
quency. For example, the sinusoidal signal may be amplified
in a very high gain amplifier to produce a signal resembling a
traditional square wave frequently used as a clocking signal in
clectronic equipment. For a signal generated in this fashion to
result 1n an accurate clock signal, the sinusoidal signal pret-
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erably has low distortion because distortion of the sinusoidal
signal may translate into inaccuracies in the timing signals
generated based on the clock.

Automatic test system 110 also includes one or more ana-
log channels for generating or measuring analog signals. In
the embodiment of FIG. 1, test system 110 1s shown with an
analog channel 130 to generate an analog signal. In the
embodiment illustrated in FIG. 1, analog channel 130 gener-
ates an analog test signal, which 1s illustrated to be a sine wave
of programmable frequency. Accordingly, analog channel
130 i1s shown to include a sine wave generator 132 that 1s
coupled to a driver 134. Driver 134 1s 1n turn coupled to a test
point on DUT 150 and supplies as a test signal the sine wave
generated by sine wave generator 132.

Analog channel 140 can capture an analog signal for analy-
s1s. In the illustrated embodiment, analog channel 140
includes a recerver 144, which acts as a signal buffer and
conditioner. Analog channel 140 also includes an analog cap-
ture circuit 142. Analog capture circuit 142 can sample a
signal buffered by receiver 144 for processing within control
circuitry 112 or other components within automat test system
110. The timing of those samples may be controlled by a
clock derived from a sinusoidal signal generator.

Though switching circuitry 1s not expressly shown, such
circuitry may be included to couple each of the analog and
digital channels to a test point on DUT 150 or other signals,
automatic test system 110 may include such switching cir-
cuitry. Switching circuitry coupled to analog channel 140
may allow analog channel 140 to measure a signal generated
by DUT 150 as part of a test. Additionally, such switching
circuitry could allow analog channel 140 to be connected to
other analog or digital channels of test system 110 to measure
signals generated by those channels for calibration or other
pPUrposes.

FIG. 1 shows two analog channels for simplicity of illus-
tration. A test system according to an embodiment of the
invention may have any number of analog channels that gen-
erate and/or measure analog test signals. Analog channels that
perform different or additional functions may be incorporated
into tester 110. Such different or additional channels may also
incorporate programmable sine wave generators to generate
sinusoidal signals for application to DUT 1350 or to otherwise
control some aspect of a test of DUT 150.

As can be seen from the sketch of automatic test system
110 1n FIG. 1, an automatic test system may include multiple
circuits that generate sine waves of programmable frequency.
FIG. 2A 1llustrates sine wave generator 210 that may be used
to generate some or all of the sinusoidal signals within tester
110. Sine wave generator 210 may be used to generate a sine
wave ol programmable frequency and may be used 1n either a
digital channel, such as digital channel 114,, or an analog
channel, such as analog channels 130 or 140, or 1n any other
location within an automatic test system.

Sine wave generator 210 includes a look-up table 220.
Look-up table 220 may be implemented in one or more
memories that store digital values representing amplitude
points on a sine wave. The values are stored 1n look-up table
220 at addresses correlated to the phase of the sine wave at
which the value occurs. Accordingly, when look-up table 220
1s addressed with a value representing a phase on the sine
wave, 1t outputs the amplitude value of the sine wave at that
phase.

Addresses to look-up table 220 are generated by phase
accumulator 410. As 1n a conventional DDS circuit, phase
accumulator 410 outputs a series of addresses that succes-
stvely increase by a phase increment. The increase 1s com-
puted using modular arithmetic so that, 1f increasing the value
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in phase accumulator 410 would result 1n a phase beyond the
end of one cycle of the sine wave, phase accumulator 410
computes a phase that 1s the same amount beyond the start of
a cycle of the sine wave that the incremented phase exceeds
the end of that cycle.

In response to this series of addresses, look-up table 220
generates an output 222 that 1s a sequence of digital values
that vary 1n a sinusoidal pattern. The frequency of variation of
that pattern depends on the phase imncrement used by phase
accumulator 410. Thus, by programming the phase incre-
ment, the frequency of the sine wave output from look-up
table 220 may be programmed.

The digital values at output 222 are coupled to digital to
analog converter (D/A) 224. D/A 224 converts the series of
digital values mto an analog signal at 1ts output 226. In an
ideal digital to analog converter, the analog signal at output
226 would be a perfect sine wave 11 the series of digital values
at 1ts input represented a perfect sine wave. However, practi-
cal implementations of digital to analog converters are not
perfectly linear in their operation. Accordingly, each digital to
analog converter introduces some amount of nonlinearity
error. When generating a sine wave, nonlinearity error intro-
duced by a digital to analog converter appears as distortion 1n
the analog signal at output 226.

To reduce the amount of nonlinearity error introduced by
D/ A 224, and therefore the amount of distortion, predistortion
circuit 460 may be connected between look-up table 220 and
D/A 224. Predistortion circuit 460 includes look-up tables
that may be programmed with values representative of the
nonlinearity error introduced by D/A 224. These values may
be subtracted from the values 1n the stream of values at output
222 to oflset errors itroduced by D/A 224. When the output
of predistortion circuit 460 1s applied to D/A 224, the distor-
tion subtracted by predistortion circuit 460 ofisets the distor-
tion added by conversion 1n D/A 224. Accordingly, output
226 more accurately resembles a pure sine wave with less
distortion.

In the embodiment of FIG. 2A, predistortion circuit 460
compensates only for nonlinearity errors mtroduced in D/A
224. In other embodiments, predistortion circuit 460 may also
compensate for other sources of nonlinearity error, including
errors mtroduced because the values stored in look-up table
220 do not describe a perfect sine wave.

FIGS. 4A, 4B and 4C 1illustrate embodiments of circuitry
that may be used in sinusoidal signal generator 210. FIG. 4A
provides an example of circuitry that may be used to 1mple-
ment phase accumulator 410. As shown 1n FIG. 4A, phase
accumulator 410 includes a register 416 that stores a value
representing an accumulated phase. Register 416 stores a
value having N bits. The number of bits 1n register 416 1s not
critical to the invention and any suitable number of bits may
be used. Regardless of the number of bits 1n register 416, the
value stored 1n register 416 1s interpreted as a phase value of
a point 1n one cycle of a sine wave. The phase value stored 1n
register 416 may represent the number of degrees 1n the sine
wave divided by 2%, where N is the size of register 416. For
cach period of operation of phase accumulator 410, the stored
value 1n register 416 1s incremented by a phase increment
stored 1n register 412.

Though not expressly shown, the value in phase increment
register 412 may be programmed, such as by control circuitry
112 (FIG. 1). In the illustrated embodiment, the frequency of
the output generated by a sinusoidal signal generator using a
phase accumulator 410 may be programmed by programming
the phase imncrement value stored 1n register 412.

Phase accumulator 410 includes an adder 414. For each
period of operation of phase accumulator 410, the value pre-
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viously stored in accumulated phase register 416 1s incre-
mented by the value stored 1n phase increment register 412.
The output of adder 414 1s then stored 1n accumulated phase
register 416 as the new accumulated phase.

If the values at the iput of adder 414 sum to a value that
requires more bits to represent than can be stored 1n accumu-
lated phase register 416, the most significant bits of the sum
may be simply discarded. Discarding the most significant bits
results in the value stored 1n accumulated phase register 416
increasing in the same way as using modular arithmetic to add
the phase increment to the accumulated phase. Because the
output of phase accumulator 410 1s used to address points on
one cycle of a sine wave, discarding the most significant bits
of the sum results 1n values representing a phase beyond the
end of that cycle to be converted to values beyond the begin-
ning of the cycle by the same amount that the values exceed
the end of the cycle. Thus, the circuit of FIG. 4A may be used
to generate a series ol phase values that repeats cyclically as
desired. However, any suitable technique for generating a
phase signal may be used.

FI1G. 4B 1llustrates an embodiment of circuitry that may be
used to implement predistortion circuit 460. Predistortion
circuit 460 includes two look-up tables, I look-up table 462
and Q look-up table 464. Each of the look-up tables 462 and
464 may be implemented in computer memory or 1n any other
suitable way. The values stored in each of the look-up tables
462 and 464 may be determined during a calibration routine.
An example of a suitable calibration routine i1s described
below. Brietly, the calibration routine determines in-phase
and quadrature-phase correction values. These correction
values are stored separately 1n I look-up table 462 and Q)
look-up table 464, respectively,

When a signal to be predistorted 1s applied at the input of
predistortion circuit 460, that signal 1s used to address I look-
up table 462. The mput signal 1s shifted approximately 90° in
phase shifter 470 to produce quadrature signal, Q(t). Q(t) 1s
used to address QQ look-up table 464. For each sample of the
input signal, an I correction value and a ) correction value are
read from 1 look-up table 462 and Q look-up table 464,
respectively. These correction factors are summed at adder
4'72. The sum of the I and Q correction factors 1s subtracted
from the mnput signal at adder 474 to produce a predistorted
signal at the output of predistortion circuit 460.

In sinusoidal signal generator 210 (FI1G. 2A), output 222 of
look-up table 220 can be represented as X(t), the desired
output signal, plus a distortion amount, denoted 1n FI1G. 4B as
p(t). The function p(t) represents any error introduced
because output 222 1s not a pure sine wave. The error intro-
duced 1in D/A converter 224 may be represented as c(t).

The coetlicients stored in I look-up table 462 and Q) look-
up table 464 may collectively represent nonlinearity errors
introduced as a result of the conversion in D/A 224 and
clsewhere 1n sinusoidal signal generator 210. Accordingly,
the output of adder 472 can be represented c(t)+p(t), repre-
senting the combination of errors. When this value 1s sub-
tracted from the mnput 1in adder 474, the resulting output can be
represented as X(t)—c(t). Thus, some of the output of predis-
tortion circuitry 460 removes the errors introduced by sinu-
soidal signal generator 210 other than D/A 224 while simul-
taneously predistorting the value to be applied to D/A 224 by
an amount that compensates for distortion that will be 1ntro-
duced when conversion 1s performed 1n D/A 224,

In the embodiment of FIG. 4B, phase shifter 470 may be
any suitable phase shifter. An example of a suitable phase
shifter is an N order Hilbert filter. Using higher order filters
results 1n a more accurate phase shift. However, the complex-
ity of the circuitry required to implement a Hilbert filter
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increases as the order increases. For each order, the filter
requires additional adders, multipliers and storage. In some
embodiments, the number of circuit components in a Hilbert
filter of an order that delivers a desired accuracy may make 1t
undesirable to include a Hilbert filter or other phase shifter
than can operate on a signal represented as a series of digital
values 1n a sinusoidal signal generator.

FIG. 4C shows an alternative embodiment of a predistor-
tion circuit 460' that does not use a phase shifter. Predistortion
circuit 460' incorporates an I look-up table 462, a Q look-up
table 464, an adder 472 and an adder 474 that may be 1n the
same form as comparable components 1n predistortion circuit
460.

Predistortion circuit 460' ditfers from predistortion circuit
460 1n that 1t recerves as mputs an in-phase value I(t) and a
quadrature-phase value Q(t). The values I(t) and Q(t) may be
used directly as addresses to the I look-up table 462 and Q)
look-up table 464.

If an 1n-phase signal I(t) and a quadrature-phase signal Q(t)
can be generated outside of predistortion circuit 460" more
simply than using phase shifter 470, omitting phase shifter
4’70 results 1n a net simplification of a sinusoidal signal gen-
erator.

FIG. 2B 1llustrates an embodiment of a sinusoidal signal
generator 210" in which an in-phase signal I(t) and a quadra-
ture-phase signal Q(t) can be generated outside of predistor-
tion circuit 460" without using a phase shifter of the same

complexity as phase shifter 470 (FIG. 4A).

In the embodiment illustrated in F1G. 2B, phase shifter 210’
includes a phase accumulator 410 and D/A 224 as 1n s1inusoi-
dal signal generator 210 (FIG. 2A). However, sinusoidal sig-
nal generator 210' can provide an in-phase signal I(t) and a

quadrature phase signal Q(t) as inputs to predistortion circuit
410" because it has two look-up tables 220A and 220B.

Look-up table 220A may store values representing points
on a sine wave 1n the same way as look-up table 220 (FIG.
2A). Look-up table 220B also may store values representing
points on a sine wave, though oifset 1n phase. When phase
accumulator 410 supplies an address, look-up table 220A
outputs an in-phase value of a sine wave associated with that
phase. For that same phase value, look-up table 220B may
output a corresponding quadrature-phase value. The in-phase
and quadrature-phase values may be applied directly to the
I(t) and Q(t) inputs, respectively, of predistortion circuit 460",
Predistortion circuit 460' can therefore compensate for dis-
tortion at output 226 without use of a phase shifter.

FIG. 3 shows an alternative embodiment of a sinusoidal
signal generator 310 1n which predistortion circuit 460' can
compensate for distortion at output 226 without use of phase
shifter. Sinusoidal signal generator 310 differs from sinusoi-
dal signal generator 210" 1n that a single look-up table may be
used 1n sinusoidal signal generator 310 to generate samples of
a sine wave.

In sinusoidal signal generator 310, a single look-up table
storing values representing a sine wave 1s accessed twice per
period to obtain from the look-up table both an in-phase and
a quadrature phase value. The second access 1s at an address
in the look-up table that corresponds to a phase offset by 90°
from the address of the first access.

In the embodiment of FIG. 3, a phase shiit circuit 1s used to
derive both addresses from a value output by phase accumu-
lator 410. In the embodiment illustrated, the value output by
phase accumulator 410 1s used directly as the first address to
look-up table 300. A second address 1s computed from the
value output by phase accumulator 410 by adding a value
representing 90° of phase.
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Computation of a quadrature-phase address can be per-
formed 1n any suitable circuitry. In the embodiment 1llus-
trated, adder 252 performs this computation. Adder 252
receives as one mput the value output by phase accumulator
410. A second 1mput to adder 252 1s coupled to a shift circuit
250, which may be a register that stores a value corresponding
to a 90° phase increment. However, 1n some embodiments, a
value representing a 90° phase mncrement may be hardwired
into the circuitry of adder 252. Adder 252, similar to adder
414 used 1n phase accumulator 410 (FIG. 4A), may sum the
values applied to 1ts inputs using modular arithmetic such that
any sums representing a phase beyond the end of a cycle of a
sine wave are mapped to an equivalent phase value within the
cycle.

Though sinusoidal signal generator 310 includes a phase
shifter, that phase shifter may be implemented using circuitry
that 1s much simpler than 1s required to implement phase
shifter 470 (FIG. 4B). For example, circuitry implementing
adder 252 can be much smaller and less expensive to imple-
ment than the multiple multipliers and adders that would be
required to implement a multi-order Hilbert filter that can act
as phase shifter 470.

The 1n-phase and quadrature phase addresses can be used
to obtain an in-phase and a quadrature-phase value from a
single look-up table 300 1n any suitable way. In the embodi-
ment of FIG. 3, look-up table 310 1s implemented as a multi-
port look-up table, which allows both values to be read simul-
taneously from the look-up table. In other embodiments, it
may be possible to achieve the same results by using time
multiplexing to read both values from the look-up table. Time
multiplexing may be appropriate when the look-up table can
output values at a periodic rate that 1s at least twice as fast as
the rate at which samples of a sine wave need to be applied to
the mput of D/A 224.

In sinusoidal signal generator 310, the look-up table 300 1s
implemented as a dual-port look-up table, which allows two
values to be read from the memory simultaneously. As shown,
look-up table 300 1ncludes a first address input 322A and a
second address input 322B. The value stored 1n look-up table
300 at an address corresponding to the value at address input
322A 1s provided at output 320A. Similarly, the value stored
in look-up table 300 at an address corresponding to the value
at address mput 322B 1s provided at output 320B. In the
pictured embodiment, dual port look-up table 300 may pro-
vide values at outputs 320A and 320B so that values for I(t)
and Q(t) may be provided simultaneously to predistortion
circuit 460'.

Dual port look-up table 300 may be implemented 1n any
suitable way. In some embodiments, dual-port look up table
300 may be implemented 1n a dual port RAM or other similar
semiconductor device. However, 1t 1s not a limitation on the
invention that all circuitry implementing a dual-port look-up
table be stored 1n a single semiconductor device. Combina-
tions of device may be used to access an in-phase and a
quadrature-phase value from a collection of memory cells.
Alternatively, a dual-port look-up table may be implemented
as a block of memory cells 1n an application specific inte-
grated circuit, programmable logic device or other compo-
nent that contains circuitry implementing other functionality
that 1s part of a larger system.

Any suitable format may be used to store values 1n look-up
table 300. Further, 1t 1s not necessary that values representing,
a Tull cycle of a sine wave be stored 1n look-up table 300. In
some embodiments, the symmetry of a sine wave may be used
to reduce the amount of data stored 1n look-up table 300.

FIGS. SA ... 5E illustrate how symmetry of a sine wave
may be used to generate values for an entire cycle of a sine
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wave with only values for a quarter cycle of the sine wave.
FIG. SA 1illustrates a sine wave 310, which may be divided
into four quadrants, QQ,, Q,, Q, and Q). The values in quadrant
(), are the mirror image of those 1n Q, . Values 1n quadrants Q4
and Q, are the negative of those 1n quadrants QQ, and Q,.
Accordingly, even 1f a look-up table stores only the values for
one quadrant of a sine wave, values at any phase of the sine
wave can be related to a value for the stored quadrant.

FIG. 5B illustrates a range 512, corresponding to quadrant
Q,, for which values of a sine wave may be stored 1n a look-up
table. ITthe address input to the look-up table specifies a phase
in range 512, the value of a sine wave at the specified phase
can be determined by reading a value directly from the look-
up table.

FIG. 5C illustrates how a value for a phase 1 range 514
may be determined even 1f the look-up table does not store a
value corresponding to that phase. Range 514 1s in quadrant
Q,. A point, such as 520, 1n range 514 has a value that 1s the
same as at point 522. Point 522 1s 1n quadrant (Q,, and, 1n the
illustrated embodiment, a value for point 522 is stored 1n the
look-up table.

FIG. 5C 1illustrates a relationship between points 520 to
point 522 that may be used for any point 1n range 514 to
determine a corresponding point in range 512 for which a
value 1s stored 1n the look-up table. As can be seen, point 522
has a phase that 1s P, more than the phase that defines the
boundary between QQ, and Q,. Point 520 has a phase P!, that 1s
P, less than the phase that defines the boundary between Q,
and Q,. A corresponding point 1n range 512 may be identified
for any point in range 514 by finding the point that 1s less than
the QQ,/Q, quadrant boundary by the same amount that the
point in range 614 1s above the Q,/Q, quadrant boundary.

FIG. 5D illustrates how a value for a phase 1n range 516
may be determined even 11 the look-up table does not store a
value corresponding to that phase. Range 516 1s in quadrant
Q. A point, such as 530, 1in range 516 has a value that
corresponds to the value at point 532. Point 5332 1s 1n quadrant
Q,, and, 1n the illustrated embodiment, a value for point 532
1s stored 1n the look-up table.

As can be seen, point 532 has a phase P, that 1s the same as
the amount that the phase of point 530 exceeds the Q,/Q,
quadrant boundary. However, the value of point 530 1s the
negative of the value for point 532. Thus, for any phase in
quadrant QQ,, a value can be determined by finding the value
for a corresponding point 1n Q, and negating that value.

FIG. SE illustrates how a value for a phase in range 518
may be determined even 11 the look-up table does not store a
value corresponding to that phase. Range 518 1s in quadrant
Q.. A point, such as 540, 1n range 518 has a value that 1s the
negative of the value at point 542. If the value at point 542 can
be determined, the value at point 540 may be determined by
negating that value.

Point 542 1s in quadrant (Q,. In the illustrated embodiment,
values for phases in quadrant QQ, are not directly stored 1n the
look-up table. However, as described above in connection
with FIG. 5C, 1t 1s possible to derive the value for any point in
quadrant QQ, from values stored 1n the look-up table. The same
approach may be used to derive a value when computing the
value of point 542 1n quadrant Q).

Thus, regardless of the quadrant 1n which a phase falls, the
value at that phase of a sine wave may be determined from the
values of one quadrant of a sine wave stored 1n a look-up
table.

In a sine wave generator according to embodiments of the
invention, circuitry may use the symmetry depicted 1in FIGS.
5A ... 5E to compute a value for any phase, regardless of the

quadrant 1n which the value falls. FIGS. 5B . . . SE also
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indicate a simple approach that such circuitry may use to
determine the quadrant in which a phase value falls. By deter-
mimng the quadrant in which a phase value falls, a mapping,
as depicted 1n one of FIGS. 5B . . . 5E, should be used to
determine which value 1n the first quadrant to read from the
look-up table and to translate that value into the desired value.

Each of FIGS. 5B.. . . SE pictures a digital representation of
a phase value 1n one quadrant. FIG. 3B shows a digital phase
value 350 representing a value in quadrant Q,. The most
significant bits (IMSB) of digital phase value 550 are 00. All
phase values in quadrant Q, have MSB of 00. Similarly,
FIGS. 5C, 53D and 5E picture digital phase values 552, 554
and 556 representing values 1mn quadrant Q,, Q, and Q..
respectively. Phase values 1n O, have an MSB of O1. Phase
values 1n Q5 have an MSB of 10 and phase values 1n Q, have
an MSB of 11. Thus, by examining the MSB of a digital phase
value, the quadrant 1n which that value falls can be 1dentified.
Circuitry computing phase values from a look-up table stor-
ing only phase values 1n one quadrant can use the MSB of the
phase value to identify the desired quadrant and determine the
appropriate processing to derive the required value of a sine
wave from the look-up table.

FI1G. 6 1llustrates a circuit that may be used to implement a
circuit that computes a value for a phase of a sine wave using
values output by alook-up table that stores values for only one
quadrant of a sine wave.

FIG. 6 1llustrates circuitry that may be used in connection
with a dual-port look-up table 600. The circuit receives as
inputs values I-PHASE and Q-PHASE, which act as address
inputs to each port of the dual-port look-up table. The values
I-PHASE and Q-PHASE may be values such as those applied
to address inputs 322A and 322B of dual-port look-up table
300 (FIG. 3) or any other suitable values. Processing of the
I-PHASE and Q-PHASE mputs may be the same, 1n each case
producing an output value, I(t) and Q(t), respectively, repre-
senting the value of a sine wave at a phase corresponding to an
input value.

For each iput, the two most significant bits (MSB) of the
inputs are separated from the rest of the input values. The two
most significant bits of a phase value 1identify the quadrant in
which that phase value falls. In the embodiment of FIG. 6, the
MSB of I-PHASE 1s used as a control input to quadrant
mapping circuit 620A and quadrant correction circuit 630A.
The MSB of Q-PHASE 1s used as a control input to quadrant
mapping circuit 6208 and quadrant correction circuit 630B.

Quadrant mapping circuits 620A and 620B translate an
input phase value into a phase value 1n the first quadrant
according to the mappings illustrated 1n FIGS. 5B, 5C, 5D
and SE. The specific mapping used depends on the quadrant
in which the input phase falls and can be determined from the
MSB of the mput value.

Once the appropriate phase value in the first quadrant 1s
determined, that phase value 1s applied as an address 1input to
look-up table 600. The value at that address 1s read from the
look-up table. I turther computation 1s required to implement
a mapping as illustrated in FIGS. 5B, 5C, SD and SE, that
correction 1s applied 1n quadrant correction circuit 630A or
630B. For example, processing 1n quadrant correction circuit
630A and 630B may include negating the values when the
input phase indicates a value i quadrant Q5 or Q..

Circuitry to construct quadrant mapping circuits 620A and
620B and quadrant correction circuit 630A or 630B may be
constructed using known circuit design techniques, or in any
other suitable way.

FI1G. 6 illustrates as an example of a further variation that 1t
1s not necessary that a look-up table be implemented as a
single memory. In the 1llustrated embodiment, two memories
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are used. As shown, memories 610, and 610, collectively
store the look-up table. In the 1llustrated embodiment, each
memory 1s a dual-port memory. Memory 610, has a first port
with an address mput 612A, and an output 614A, and a
second port with an address mnput 612B, and an output 614B,.
Similarly, memory 610, has a first port with an address input
612A, and an output 614 A, and a second port with an address
iput 6128, and an output 614B.,.

Inthe embodiment ot FIG. 6, both memories 610, and 610,
output a value in response to the I-PHASE and Q-PHASE
inputs. The values are combined 1n adders 616 A and 616B to
output one value for an in-phase component and one value for
the quadrature-phase component.

In the illustrated embodiments, the input phase value 1s
split so that the lower order bits of the phase address memory
610, and the higher order bits, without the MSB, address
memory 610,. Memories 610, and 610, store values that
collectively allow an approximation to a sine wave. Memory
610, may store values of a sine wave spaced at intervals
defined by the higher order bits of the phase values. Memory
610, may store values representing an approximation of the
change in the value of a sine wave 1n for an increase 1n phase
by an amount represented by the lower order bits of the phase
value. By adding the outputs of the two memories together,
the result 1s an approximation of a value of a sine wave.

Other embodiments using two or more memories are pos-
sible. For example, one memory may store a coarse represen-
tation of a sine wave addressed by the higher order bits of the
phase. The second memory may store an approximate rate of
change of the sine wave corresponding to each coarse value.
The approximate rate of change could be multiplied by the
lower order bits and added to the coarse value read from the
first memory to compute an amplitude value for the sine
wave.

Though FIG. 6 shows that two memories are used to
approximate a sine wave, the total number of memory loca-
tions required to store values for a point on a sine wave 1s less
than 1f one memory were used to store values corresponding
to each phase on the sine wave. The approximation may be
less accurate, though errors introduced by the approximation
may be provided by reduced or eliminated by compensation
provided by predistortion circuit 460' or in any other suitable
way.

Regardless of the specific embodiment used to implement
a sinusoidal signal generator, a sinusoidal signal generator
according to an embodiment of the invention may be used 1n
ATE to test semiconductor devices as part of their manufac-
ture. Turming to FIG. 7, processing to test semiconductor
devices using an automatic test system including one or more
sinusoidal signal generators as described above 1s 1llustrated.
The process of FIG. 7 begins at block 710, which begins a
calibration routine 709, which includes blocks 710 and 712.
During calibration routine 709, correction-factors stored 1n a
predistortion circuit may be determined.

Calibration routine 709 may be performed at any suitable
time 1n any suitable place. For example, calibration routine
709 may be performed as part of the manufacture of a test
system and may be performed at a factory where the test
system 1s manufactured. Alternatively, calibration may be
performed when the test system 1s installed. As an example of
a Turther alternative, calibration may be performed at a site
where an automatic test system 1s used. For example, a cali-
bration routine may be performed periodically, such as once
cach manufacturing shait.

At block 710, measurements are made from which a total
non-linearity error of the sinusoidal signal generator can be
determined. If the process of FIG. 7 1s performed with a test
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system as shown 1n FIG. 1, measurements at block 710 may
be made by coupling the output of analog channel 130, which
includes a sinusoidal signal generator 132, to the mput of
analog channel 140. With this connection, the automatic test
system 110 may obtain measurements of the actual signals
generated when sine wave generator 134 1s programmed to
generate various sinusoidal signals. However, the precise
mechanism by which a sinusoidal signal 1s measured 1s not a
limitation of the imvention and any suitable mechanism may
be used. For example, separate test equipment used for cali-
bration of automatic test equipment 110 may be connected to
the output of any sinusoidal signal generator to make mea-
surements of the actual outputs.

Regardless of how the measurements are made, those val-
ues may indicate the amount of distortion in the circuitry
generating the sinusoidal signal. From these measurements,
therefore, predistortion values that compensate for the total
distortion may be computed and stored in the look-up tables
within predistortion circuit 460'. An example of a process by
which these values may be computed 1s provided below.

Regardless of how the stored distortion values are com-
puted, processing then proceeds to block 714. At block 714,
an 1n-phase and quadrature-phase values representing a sine
wave are generated. In a sinusoidal signal generator 1n the
form of FIG. 3, the processing at block 714 may include
applying two sequences of phase values, ofiset by 90°, to the
address 1iputs of a multi-port look-up table, such as look-up
table 300 or look-up table 600.

Regardless of how in-phase and quadrature-phase values
for a sine wave are generated at block 714, those values
representing a sine wave approximation signal are predis-
torted. Processing at block 716 may provide predistortion to
offset any errors itroduced in other portions of the signal
generation circuitry. In the example above, offset for errors
associated with an analog-to-digital converter were
described. However, the processing at block 716 may be used
to oifset errors introduced 1n any other component of a signal
generator. In addition, processing at block 716 may compen-
sate for any differences between the series of values repre-
senting a sine wave and an actual sine wave.

Once the series of values representing a sine wave 1s pre-
distorted, 1t 1s converted to an analog signal at block 718. The
sine wave may then be used at block 720 to test a semicon-
ductor device. The analog sine wave may be used 1n any
suitable way during testing of a semiconductor device. For
example, the sine wave may be applied directly to a semicon-
ductor device as a stimulus signal. Alternatively, the sine
wave may be used to generate one or more clocks of a pro-
grammed frequency.

Regardless of how the analog signal 1s used in the testing
process, results of the testing process are used at block 722 to
modily the manufacturing process. In some 1nstances, the
manufacturing process 1s modified for a single semiconductor
device. For example, a test result may be used to modify the
process flow for a device, with devices that do not exhibit the
expected response being culled and discarded while those
that do exhibit the expected response being passed to subse-
quent steps 1n the manufacturing operation.

In other instances, test results may be used to “bin™ semi-
conductor devices. In binning parts, those devices that per-
form as expected 1n all test cases may be binned as fully
functioning devices. In contrast, devices that perform as
expected 1n some, but not all, instances may be binned as
partially functioning devices. Partially functioning devices
may be packaged, marked or otherwise identified as devices
with degraded performance 11 they can perform enough func-
tions correctly to be usetul. Devices with degraded pertor-
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mance may be sold at a lower price than fully functioning
devices. As a specific example, a microprocessor chip may be
designed to operate at clock frequencies of 4 GHz. During
testing, a processor that performs as expected when clocked
at 4 GHz may be packaged and sold as 4 GHz processors.
However, a processor that does not perform as expected at 4
(GHz, but does perform as expected at 2 GHz, may be pack-
aged and sold at a reduced price as a 2 GHz processor.

Similar binning may be performed on other types of chips,
such as semiconductor devices with onboard memory. For
example, a device, may be designed with 512 KB of onboard
memory. If, upon testing, the results indicate that only 256
KB of memory 1s operational, the device may be binned for
sale as a part with 256 KB of onboard memory.

In other instances, the results of testing a device may be
used to control physical modifications of the part. For
example, many devices contaiming memory are constructed
with spare memory cells. If, upon testing, some memory cells
are determined to be faulty, the structure of the device may be
altered to disconnect the faulty memory cells and connect
spare memory cells 1 their place. Semiconductor devices
may be altered using a laser or electrical signals that make or
break interconnections within the device.

In other instances, test results are used to alter the manu-
facturing process in a statistical sense. Results of testing
numerous devices may be aggregated to 1dentify failure pat-
terns that indicate a misalignment or other problem at a manu-
facturing step. Based on this analysis, manufacturing equip-
ment used to manufacture semiconductor devices may be
adjusted so that fewer devices are manufactured with defects.

Example of Computation of Predistortion Factors

The Harmonic distortion d(t) may be modeled using a
general Fourier Series expansion as follows:

N (1)
A1) = Z H, -cos(n-w-1r+6,),
n=2

where trefers to time, and where H and 0, are the magmitude
and phase of an n” harmonic as measured by Fast Fourier
Transtorm (FFT) processing of a sampled and quantized cali-
bration test signal.

Any signal, such as d(t) 1n equation (1), can be separated
into an orthogonal superposition of an even function and an
odd function, as follows:

x(H)=xg(1)+x(2),

where X (1)="2[x(t)+x(-1)] and x,(t)="2-[x(t)—x(-1)].
The Fourier transtorm of this resulting test signal, x(t), can
be written using the following superposition

X (0)=Xp(w)+/ X ()

where X (w) and X, (w) are the real and imaginary parts of
X(m). A useful property of real-valued signals, exploited in
the linearity correction process described herein, 1s Hermitian
symmetry, 1.e., that X,(mw) and X,(w) are equivalent to the
Fourier Transform of the even parts and the odd parts, respec-
tively, of x(t).

Expanding equation (1) above mnto even and odd terms
using trigonometric identities yields the following general
expression for harmonic distortion:
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N (2)
d(1) = Z H, - [cos(8,)-cos(rn-w-1) —s1n(8,)-sin{r - w - 1)]
n=2

Because static non-linearity produces errors that depend
only on the current amplitude (e.g., sample value) of the
fundamental calibration signal, it follows that the error func-
tion produced by this non-linearity must have the same sym-
metry as the fundamental calibration signal. Choosing an
even function for the fundamental calibration signal, such as
a zero phase cosine, ensures that static nonlinearity produces
distortion that 1s reflected completely 1n the real part of the
FFT. In this case, with purely static non-linearity and no
dynamic component, the distorted signal 1s an even function,
the FFT 1s completely real-valued, and equation (2) reduces
to

N (3)
d(1) = Z H, -cos(6,)-cos(n-w-1)
n=2

where 0_=0,m for all n.

If the fundamental calibration signal 1s even, any energy in
the imaginary part of the FFT will be the result of an odd
component in the harmonic distortion. Because this odd com-
ponent to the harmonic has orthogonal symmetry to the fun-
damental calibration signal, the odd component must have
originated from non-linearity with memory (i.e., dynamic
non-linearity). Thus, dynamic non-linearity produces a com-
ponent of the error signal (harmonic distortion) with orthogo-
nal symmetry to the fundamental calibration signal, 1.e., odd
if the fundamental calibration signal 1s a cosine signal.

Static and dynamic non-linearity can be separated and
measured independently using a combination of signal pro-
cessing theory and Automatic Test Equipment (ATE) mixed-
signal synchronization. If a calibrator uses a pattern to trigger
an ATE capture instrument, such as analog capture instrument
140 (FIG. 1), at a peak of a sinusoid produced by an arbitrary
wavelorm generator (AWG) source, such as analog instru-
ment 130 (FIG. 1), then the calibrator can exploit the sym-
metry properties ol the Fourier Transform to determine a
distortion compensation function. In this case, the captured
calibration test signal, y(t), has the form of a zero phase cosine
with additive harmonic distortion d(t), such that:

v(t)=cos{w-)+d(z).

The error signal (d(t)) produced by a combination of static
and dynamic non-linearity can be generated digitally using an
orthogonal basis of sine and cosine functions. One 1implemen-
tation that uses a Hilbert Filter to generate the quadrature

component of this basis 1n conjunction with look-up table
(LUT) memories 1s shown 1n FIG. 4B.

More specifically, because the harmonic distortion signal
1s periodic and real valued, the harmonic distortion signal can
be represented by a general Fourier Series with an orthogonal
basis of sine and cosine functions using equation (2). Thus, 1t
1s possible to digitally reconstruct the harmonic distortion
signal using two look-up tables: an “I-LUT” addressed with
fundamental signal and a parallel “Q-LUT” addressed by
quadrature signal generated with a 90° phase shift Hilbert
filter. The reconstructed harmonic distortion signal may then
be used to compensate the channel non-linearity by predis-
torting the input to a digital-to-analog converter (DAC).
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Reterring to FIG. 4B, static non-linearity 1s compensated
using an “in-phase” look-up table (I-LUT) 462 to implement
a memory-less (meaning that the value of function depends
on the current input) correction function that depends solely
on a current value of x(t) (the signal being corrected).
Dynamic non-linearity 1s compensated using a combination
of a 90° phase shift, which 1s substantially constant over a
broad frequency range, followed by a memory-less “quadra-
ture” look-up table (Q-LUT) 464. As shown 1in FIG. 4B, the
error correction data outputs of I-LUT 462 and Q-LUT 464
are combined using an adder 472 to produce the error, d(t),
which 1s then subtracted from the input signal. FIG. B.

Each individual LUT (I-LUT 462 and Q-LUT 464) imple-

ments a polynomial function, 1, of 1ts address, which 1s
defined as follows:

N
fror(x) = Z Gy X

n=2=

This polynomial describes a memory-less non-linearity (The
non-linearity 1s “memory-less™ in the sense that the value of
the function does not depend on prior values.). The n” term of
this non-linearity produces an n” harmonic in response to a
sinusoidal mput, x(t).

Using a zero phase cosine signal for the fundamental cali-
bration signal, correction data for storage in the I-LUT can be
determined from the real part of the calibration signal FFT,
and similarly correction data for storage 1n the Q-LUT can be
determined from the imaginary part of the calibration signal
FFT. Determining the I-LUT correction data includes map-
ping the harmonic distortion from a function of time to a
function of amplitude, given that the I-LUT 1s addressed by a
current sample value (amplitude). The mnput to the I-LUT 1s
the primary data stream given by x(t)=cos(w,t). For a par-
ticular amplitude of x, the time at which the sample occurred
(within a first cycle) 1s given by the following;:

|

t=wy cos H(x).

Substituting m,~ " -cos ™ (x). for the variable t in equation (3)
above results 1n the following equation, which 1s used to
determine the I-LUT correction data:

N (4)
d;(x) = Z H,_ -cos(8,)-cos(r-cos 1(x))
n=2

The Q-LUT 1s addressed by a quadrature (approximately
90°) phase shifted version of x(t), namely:

X (1)=cos(Wy1—=T/2)=sin(wgy1).

The time associated with a particular sample value at the input
f the Q-LUT 1s defined by the following equation:

O

—1

1=y sin”t(x).

Substituting m,~"-sin~'(x) for t in equation (2) results in the
following equation for determining the Q-LUT correction
data:
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N (3)
d,(x) = —Z H,_ -sin(8,)-sin(n -sin~ ' (x)).
n=2

Equations (4) and (5) provide closed-form solutions for
determining correction data for use in correcting the first N
harmonics produced by non-linearity in an ATE instrument
channel. A process for determining table entries for an M-bit
address LUT quantizes x €[-1,1] in 2* values and determines
corresponding error correction data using equations (4) and
(5). It 1s noted that equations (4) and (5) are only valid 1f the
harmonic amplitudes and phases result from FFT processing
on a zero phase cosine fundamental calibration signal.
Although patterned-controlled ATE signals can approximate
a zero phase cosine fundamental calibration signal, 1n prac-
tice this can be time-consuming to achieve, and a residual
phase error resulting from variability in delay through the
mstrument’s analog signal path can limit signal correction.
Allowing a non-zero phase for the fundamental calibration
signal means that the calibration signal used to measure the
harmonic amplitudes and phases has the form

x(f)=cos(wqy+P) (6)
where ¢ 1s the arbitrary non-zero phase of the fundamental
calibration signal. This more general approach 1s consistent
with ATE capabilities and end-applications, where exact ire-
quency ratios are achieved for coherency and typical FFT
measurements are indifferent to the fundamental signal
phase.

If ¢ 1s non-zero, the fundamental calibration signal con-
tains both an even and odd component and, consequently,
both static and dynamic non-linearity produce mixed-sym-
metry outputs. In order to use H_ and 0, to correctly load
correction data in the look-up tables, 1t 1s necessary to create
an orthogonal basis around the harmonic phase residual
resulting from the dynamic linearity, 1.¢. 0, with the contri-
bution from ¢ removed. Recognizing that the n” term of the
polynomial describing the memory-less, non-linear system
produces an n” harmonic in response to x(t), and rotates the
phase of x(t) by n-¢, the harmonic distortion 1n an instrument
channel can be modeled as

N
d (1) :ZHH-CGS(H-MD-I+H-¢+QH—n-ab).
n=2

Expanding the above equation onto an orthogonal basis of
sine and cosine functions results in the following:

N
d(1) =Z:HM-[wmc:vsg((%?M —n-@)-cos(r-wy-I+n-QP)—
n=2

sin(f,, —n-@)-sin(rn-wo -1+ r1-Q)|.

If the channel non-linearity 1s purely static, then
0 -n¢p=0,7 and the sine component above 1s zero. Thus, each
cosine term of the above expression 1s “in-phase” with the
tundamental signal, 1.e., each harmonic term angle 1s rotated
by n, which is the expected response due the n” order com-
ponent to static non-linearity in the channel. In contrast, the
sine term 1nvolves both rotation by n and a quadrature (1.e.,
approximately 90°) phase shift from the fundamental signal.
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Thus, the I-LUT error correction data 1s determined from
the 1n-phase distortion by mapping from the time domain to
the amplitude domain at an mput to the I-LUT, as follows:

1=y (cos™ x—g).

Substituting m, ™" -(cos™ x—¢) for t in the “in-phase” term for
d(t) provides the following closed-form equation for deter-
mining the I-LUT error correction data.

N (7)
d;(x) = Z H, -cos(6, — no)-cos(n- cos (X))
n=2

The relationship between a sample value and the time at
which the sample occurred (1n a first cycle) at the input to the

Q-LUT 1s given by

1=y - (sin x—¢)

Substituting w, " -(sin” " x—¢) for t in the “quadrature” term for
d(t) above results the following closed-form solution for
determining the Q-LUT error correction data.

N (8)
do(x) = —Z H, -sin(6, — no) - sin(n - sin” ' (x))
n=2

As described above, the process for determining table
entries for an M-bit address LUT quantizes x €[-1,1] in 2V
values and determines the corresponding error correction
data using equations (7) and (8). It 1s noted that equations (7)
and (8) reduce to equations (4) and (5), respectively, when the
phase oflset, ¢, 1s zero.

The following describes how I-LUT and Q-LU'T error cor-
rection values are determined for all samples of a data con-
verter used 1n exemplary ATE. More specifically, prior to use,
the error correction values for the I-LUT and the Q-LUT are
determined for a range of signals that pass through the source
and capture channels of the ATE. These error correction val-
ues are then stored 1n the I-LUT and Q-LUT, and are used to
correct subsequent signals passing through the source and
capture channels. The following 1s used to determine the
range ol signals (codes of a data converter) over which to
determine the error correction values that are to be stored 1n

the I-LUT and Q-LUT.

If a continuous sine wave 1s randomly sampled with uni-
form probability over the range [0,27t], the probability that the
sinusoid obtains the value x 1s given by

1
7 VA2 —x2 5

plx) =

where A 1s the amplitude of the sine wave. This distribution
has the familiar “bathtub™ curve shape with a minimum at
mid-scale x=0 of (;t-A)™".

The probability that a code 11s produced by a data converter

that uniformly samples a sine wave on the interval [0,2x] and

quantizes to N bits 1s given by integrating the above expres-
sion over the amplitude range for code 1, with the following
result:
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FSR-(E—QN‘l)] | _I(FSR-(.E— 1 —2“’—1)]]
— §11

1
o . 1
o= [ (S5

where FSR 1s the bipolar full-scale range of the quantizer and
A 1s the sine wave amplitude. If the sine wave amplitude 1s
matched to the full-scale range of the quantizer, with zero DC
(Direct Current) oifset, the least probable output code occurs
atmid-scale i=2""" with a probability of 1/(;t-2"~"). Thus, the
probability of occurrence of a mid-scale code decreases with
the number of quantizer levels.

In order to provide a robust calibration, 1t 1s desirable to
have the measurement process exercise every code of the
converter. The expected number of code hits E(1) 1n a capture
containing a number “Nsamples™ of samples 1s given by

E(D)=P(i)yNsamples.

Ensuring that the least probable mid-scale code 1s hit at least
once 1mplies that

Nsamples=n-2""!.

Thus, calibration of a 16-bit converter using a fast radix-2
FFT process requires capture of at least 131,072 samples.
While this constraint may be necessary to ensure that all
converter codes are hit, it may not be suilicient, given that the
sampling process can generate the same subset of codes on
every cycle of the test wavelorm. In order to ensure that this
does not occur, the integer number of cycles of the test wave-
form 1n a capture window may be mutually prime with respect
to Nsamples.

The error correction data in the I-LUT and Q-LUT may be
configured to correct for reflected, or aliased, harmonics 1n
the instrument channel. Compensating for aliased frequency
components 1ncludes correcting an aliased harmonic result-
ing from mixing of an n” component of a non-linearity with
the clock used for sampling analog data. Compensating these
aliased frequency components has the potential to improve
the ATE’s dynamic range when sourcing or capturing high
frequency signals.

For an N order correction, it is necessary to predict where,
in the capture spectrum, each of the N harmonics will appear.
Thus, for each harmonic nt, (where 1, 1s the tundamental
frequency), the following process 1s used to determine the
frequency (FFT bin number) where an N” harmonic occurs,
and the associated amplitude and phase to use in the LUT
error correction data computations.

If the direct harmonic occurs 1n an odd Nyquist zone of the
sampling clock defined as

Fs s
(m_ 1)_am _]a

"fy € 5 5

where m 1s odd and Fs 1s the Nyquist frequency, then the
harmonic 1s deemed direct (1.¢., not aliased). In this case, the
frequency of the aliased harmonic 1s given by

s

Jratias = nfﬂmmd7

where X mod v 1s the remainder of x/y. The magnitude and
phase of this complex aliased frequency component, desig-
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nated H(f, .. .),1susedinequations(7)and (8) (or(4)and(5))
to determine the correction data. That 1s, for equations (7) and

(8) (or (4) and (5)):

Hn — |H():1affas) |

en :iﬂ(ﬂ:aﬁﬂs)'

I1 the direct harmonic occurs 1n an even Nyquist zone ol the
sampling clock, then the harmonic 1s mirrored and the fre-
quency of the aliased harmonic 1s defined as follows:

s s

Fnaiias = 5 nfﬂmﬂdj.

(Given that the image of the even Nyquist zone 1s mirrored, the
phase 1s conjugate and the harmonic amplitude and phase
components of equations (7) and (8) (or (4) and (5)) are

defined by

Hn — |H(.ﬂ:afias) |

en — LH(.f?“IHHHS)'

The negative phase of the aliased frequency component 1s

used because the harmonic mixing with the clock produces a
conjugate phase and not the channel non-linearity. Conse-
quently, the conjugate of the alias spur phase 1s used to
address the mixing effect.
The foregoing provides an example of a possible theory
and approach for computing correction factors stored 1n a
predistortion circuit as described above. Any other suitable
approach may be used to determine correction values.

Having thus described several aspects of at least one
embodiment of this mnvention, it 1s to be appreciated various
alterations, modifications, and improvements will readily
occur to those skilled 1n the art.

For example, the invention 1s described 1n connection with
a sinusoidal signal generator in which sine waves are
described. One of skill in the art will recognize that a sine
wave

1s an example of a sinusoidal signal and that the invention
may be employed with a sinusoidal signal of any desired
format and may be applied to other cyclical signals.

Also, embodiments of the mvention are described using
memory. Each memory could be implemented as separate
semiconductor chip, such as a RAM, DRAM, SRAM, DDR
RAM or other suitable memory chip. However, separate
memory chips are not required to implement embodiments of
the invention. Each memory may be implemented as a block
of memory packaged 1n any suitable device. For example,
some 1ntegrated circuit devices may include memory blocks
in conjunction with digital logic. The memory blocks of those
devices could be used to implement look-up tables while the
digital logic could be used to implement logic controlling
access to the memory blocks or for any other suitable pur-
pose.

Further, the mvention 1s illustrated by embodiments 1n
which the in-phase and quadrature-phase components of a
sinusoidal signal differ by 90° of phase. However, 1t 1s not
necessary that in-phase and quadrature-phase components
differ by exactly 90° of phase. Any two signals that differ by
a non-zero phase will have in-phase and quadrature-phase
components.

More generally, this invention 1s not limited 1n 1ts applica-
tion to the details of construction and the arrangement of
components set forth in the following description or 1llus-
trated 1n the drawings. The invention 1s capable of other
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embodiments and of being practiced or of being carried out 1n
various ways. Also, the phraseology and terminology used
herein 1s for the purpose of description and should not be
regarded as limiting. The use of “including,” “comprising,” or
“having,” “containing,” “involving,” and variations thereof
herein, 1s meant to encompass the items listed thereafter and
equivalents thereot as well as additional 1tems.

Such alterations, modifications, and improvements are
intended to be part of this disclosure, and are intended to be
within the spirit and scope of the mnvention. Accordingly, the
foregoing description and drawings are by way of example
only.

What 1s claimed 1s:

1. Apparatus for generating a cyclical signal comprising:

a) an accumulator having an output representing a phase;

b) a memory comprising a {irst address 1input and a second
address mput and a first output and a second output, the
memory storing values representing at least a portion of
the cyclical signal, and the first address put being
coupled to the output of the accumulator;

) a circuit having a first input and a second mput and an
output having a value based at least 1n part on a combi-
nation of values responsive to the first mput and the
second mnput, the first input and the second 1nput being
coupled to the first output and the second output, respec-
tively, of the memory; and

d) a digital to analog converter coupled to the output of the
circuit.

2. The apparatus of claam 1, wherein the memory com-

prises a dual port memory.

3. The apparatus of claim 1, wherein the cyclical signal 1s
an analog sinusoidal wavetform and the memory stores digital
values representing at least one quadrant of a sine wave.

4. The apparatus of claim 1, wherein the accumulator com-
prises a programmable phase increment register.

5. The apparatus of claim 1, further comprising a phase
shifter coupled between the output of the accumulator and the
second address mput of the memory.

6. The apparatus of claim 3, wherein the phase shifter
comprises a 90 degree phase shifter.

7. The apparatus of claim 1, wherein the circuit comprises
at least one second memory addressed by the values at the first
input and the second 1nput of the circuit.

8. The apparatus of claim 1, wherein the circuit comprises
a second memory having an address input and a third memory
having an address 1input, and the first output of the memory 1s
coupled to the address mput of the second memory and the
second output of the memory 1s coupled to the address input
of the third memory.

9. A method of generating a cyclical signal, the method
comprising;

a) generating a series of addresses at periodic intervals;

b) producing a shifted series of addresses from the series of
addresses;

¢) reading a first series of values through a first port of a
memory, the values 1n the first series being read from the
memory at addresses 1n the series of addresses, and
reading a second series of values through a second port
of the memory, the values 1n the second series being read
from the memory at addresses 1n the shifted series of
addresses;

d) obtaiming a third series of values based on the first series
of values and the second series of values:

¢) computing a fourth series of values by combing the third
series of values with at least the first series of values; and

1) applying the fourth series of values to a digital to analog
converter.
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10. The method of claim 9, wherein generating a series of
addresses comprises generating a series of addresses at suc-
cessive 1mtervals that modularly increase by an amount each
interval.

11. The method of claim 9, wherein each address of the
series of addresses represents a phase of a sinusoidal signal
and producing a shifted series comprises shifting the series by
an amount approximating 90 degrees of phase.

12. The method of claim 9, wherein the memory 1s a dual
port memory having a plurality of memory addresses storing
values representative of at least a quadrant of a sinusoidal
signal and reading a first series of values comprises reading a
series of values representing the sinusoidal signal with a first
phase and reading a second series of values comprises reading
a series ol values representing the sinusoidal signal with a
second phase.

13. The method of claim 9, wherein obtaining a third series
of values comprises reading from a first look up table
addressed by the first series of values and reading from a
second look up table addressed by the second series of values.

14. The method of claim 13, wherein obtaiming a third
series of values further comprises adding values read from the
first look up table to values read from the second look up
table.

15. An automatic test system, comprising a direct digital
synthesis circuit adapted to generate a cyclical signal, the
direct digital synthesis circuit comprising:

a) an accumulator having an output;

b) a memory comprising a first address input and a second
address input and a first output and a second output, the
first address input being coupled to the output of the
accumulator, and the memory storing values represent-
ing at least a portion of the cyclical signal;

¢) a shifter coupled between the output of the accumulator
and the second address input of the memory;

d) a circuit having a first input and a second input coupled
to the first output and the second output, respectively, of
the memory, the circuit having an output based at least in
part on a combination of values responsive to the first
input and the second input; and

¢) a digital to analog converter coupled to the output of the
circuit.

16. The automatic test system of claim 15, wherein the
circuit comprises a first look up table addressed by the first
input and a second look up table addressed by the second
input, the first look up table and the second look up table
storing correction factors that correct for nonlinearity 1n the
digital to analog converter.

17. The automatic test system of claim 16, wherein the
memory comprises a dual port memory.

18. The automatic test system of claim 16, wherein the
direct digital synthesis circuit comprises a portion of an ana-
log instrument adapted to produce a sinusoidal waveform.

19. The automatic test system of claim 18, wherein the
accumulator 1s adapted to output a value increasing at peri-
odic 1ntervals by a programmable amount.

20. The automatic test system of claim 16, wherein the
direct digital synthesis circuit comprises a portion of a timing
generator 1 a digital channel.

21. The automatic test system of claim 20, wherein the
timing generator 1s 1mplemented 1n programmable logic
device, the programmable logic device also implementing
other circuit elements of the digital channel.
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